We present a source catalogue of 9,040 radio sources resulting from high-resolution observations of 8,385 PMN sources with the Australia Telescope Compact Array. The catalogue lists flux density and structural measurements at 4.8 and 8.6 GHz, derived from observations of all PMN sources in the declination range −87
INTRODUCTION
Radio surveys of the sky contribute to the body of multiwavelength data used in astrophysics for understanding the Universe. The time required for radio surveys increases with sensitivity, resolution and observing frequency. In particular, wide-area surveys at cm-wavelengths that can yield resolutions comparable to those of optical images require very long observations and are often only feasible with special techniques. The entire sky has been surveyed with a resolution of about 45 arcsconds with the VLA in the north at 1.4 GHz (NVSS, Condon et al. 1998 ) and with the MOST in the south at 0.843 GHz (SUMSS, Mauch et al. 2003) . At higher frequencies the telescope field of view shrinks and the time required to survey a given area of sky increases as the second power of frequency. This law was overcome at 5 GHz through the use of a seven-beam receiver on the Green Bank 91m and Parkes 64m telescopes for northern (Condon et al. 1989 ) and Parkes-MIT-NRAO (PMN) survey of the southern sky Wright et al. 1994 Wright et al. , 1996 Griffith et al. 1994 Griffith et al. , 1995 , but at the cost of the lower resolution of 3-5 arcminutes.
Following the PMN survey, the Australia Telescope Compact Array (ATCA) was used to re-observe a sample of 8,385 sources in the PMN catalogue (Wright et al. 1997) , and so measure the sources with high resolution without needing to survey the whole sky. By observing the selected 2.5 per cent of the sky within the ATCA survey's declination limits, 37 per cent of the PMN sources in that area were characterised with high resolution. This paper describes the re-analysis of these observations and presents the Australia Telescope-PMN (ATPMN) catalogue of radio sources in the southern sky.
At 20 GHz the ATCA was used in a novel mode to enable a rapid wide-area survey (Murphy et al. 2010) . A three-element array was formed with a broad-band analogue correlator and the sky was scanned rapidly along the southern meridian (Hancock et al. 2011) . From these scans, fields containing detected sources were selected for re-observation with the ATCA in its conventional mode, and characterised at 20, 8 and 5 GHz.
In Table 1 we give the parameters of a number of catalogues of southern radio sources, including those mentioned above. We include in the list CRATES (Healey et al. 2007 ), a compendium of flat-spectrum sources compiled from several catalogues and observing campaigns.
The Parkes-MIT-NRAO (PMN) radio survey of the sky south of declination +10
• was conducted with the Parkes 64-m radiotelescope at 4850 MHz in June and November of 1990. It was conducted in four declination zones: Southern (−87.
• 5 < δ < −37 • ), Zenith (−37 • < δ < −29 • ), Tropical (−29
• < δ < −9.
• 5) and Equatorial (−9.
• 5 < δ < +10
• ) Wright et al. 1994 Wright et al. , 1996 Griffith et al. 1994 Griffith et al. , 1995 . The PMN survey complemented and extended the surveys of the northern sky by Condon et al. (1989) . It had a declination-dependent lower flux density limit of 20-72 mJy and resulted in a catalogue of 50,814 sources in the declination range +10
• to −87
• . It had spatial resolution (full width at half-maximum: FWHM) of 4. ′ 2 and a flux density-dependent positional accuracy of 10 ′′ to 60 ′′ . Gregory et al. (1994) published an alternate analysis of the Southern PMN survey.
From 1992 November to 1994 March, observations of 8,385 fields centred on a selection of PMN sources south of declination −38.
• 5 were made at 4.8 and 8.6 GHz with the ATCA. The primary motivation for the ATCA follow-up survey was to provide source positions precise enough for unambiguous optical identification. In addition, the survey would provide structural and polarization information for each source, and an estimate of the spectral energy distribution in the cm-wavelength range, significantly amplifying the value of the PMN survey itself.
The observations, data reduction and the resulting catalogue (referred to here as PMN-ATCA) are described in an unpublished report by Wright et al. (1997) . Wright et al. described the analysis procedures for the ATCA data, procedures chosen for speed of processing at the expense of completeness and reliable characterisation of complex fields. The resulting PMN-ATCA catalogue has been available online since the date of that report. Since the time of the initial data reduction, advances have been made in both the facilities available for ATCA data reduction, and in the understanding of the performance of the ATCA itself. Furthermore, we have now significantly improved flux density and position information on the reference sources used for ATCA data calibration. These factors, and the ready availability of the original data from the Australia Telescope Online Archive (ATOA 1 ) have motivated us to re-analyse the survey data. Here we describe that re-analysis and present a new catalogue, the ATPMN catalogue, of 9,040 sources.
In Section 2 we describe the original field selection and observations; in Section 3 we describe the new data reduction process and discuss data quality and the factors that affect the reliability of the results. Section 4 introduces the catalogue. In Section 5 we give an overview of the source population in the catalogue, make some comparisons with other catalogues of sources in the south (including the unpublished PMN-ATCA catalogue derived from the same data), and briefly discuss some aspects of the dataset that will be explored more thoroughly in future work.
1 The ATOA is available at http://atoa.atnf.csiro.au Throughout this paper we refer to the positions selected from the PMN catalogue to be re-observed with the ATCA as "fields", or "PMN sources" when the properties of the source are relevant. We refer to the sources identified from the ATCA observations as "sources". Frequently a single field contains several sources; that is a PMN source, when observed with the ATCA is resolved into several components that we refer to as sources. Fig. 1 illustrates such a case.
The motivation for this work is the publication of improved knowledge of the brightest southern PMN sources: accurate positions and structural information at the PMN frequency of 4.8 GHz and at 8.64 GHz, and flux densities at both frequencies.
OBSERVATIONS AND INITIAL DATA ANALYSIS
The Compact Array was used to re-observe the strongest sources contained in the Southern PMN survey (Wright et al. 1997) . Sources were chosen from the declination range −87 • < δ < −38.
• 5, and limited to galactic latitudes |b| > 2
• to avoid the field complexity expected in the Galactic plane. The total sky area within these limits is 2.25 steradians, about 18 per cent of the sky. Within these limits, all PMN sources with 4850 MHz flux density S4850 70 mJy (50 mJy south of δ = −73 • ) were included to form the final sample of 8,385 to be included in the ATCA survey.
The ATCA (Frater et al. 1992 ) has six 22-m moveable antennas and for the observations described here was used in several of its longest, 6 km arrays. The ATCA observations were made over the period 1992 November to 1994 March in five separate sessions. During each session the ATCA was configured in one of the standard 6 km configurations. Table 2 gives the dates and Array configuration used for each set of observations. Observations were made simultaneously in two bands centred at 4.8 and 8.64 GHz. Each band had a useable width of 100 MHz. ATCA antennas are sensitive to orthogonal linear polarizations; all correlation products were recorded to allow measurements in all four Stokes parameters.
Three types of fields were observed: the primary calibrator, the secondary calibrators and the target fields. The primary calibrator source PKS B1934−638 was used to de- termine corrections for the instrumental spectral and polarization response. The secondary calibrators were chosen to be point sources with known positions and are used for determining the time-dependent parts of the instrumental gain. In particular, the fluctuations in visibility phase introduced by the atmosphere are estimated with the secondary calibrator observations. Over the entire set of observations, 114 different secondary calibrators were observed, 57 of them in more than one observing session. The targets were the 8,385 fields centred on the subset of PMN sources selected as described above.
Each target field was observed three times at hour angles sufficiently spaced to allow the characterisation of sources in simple fields. Each observation was of 30-second duration, giving a point source sensitivity of about 1 mJy. In practice, this sensitivity was not always achieved; poor seeing (atmosphere induced phase fluctuations) and field complexity and confusion could both degrade the performance. For each twelve-hour observing period, a declination band was chosen so that all target fields within that band could be observed three times -at hour angles near −4 h , 0 h and +4 h . Secondary calibrators were observed for two minutes at intervals of approximately 30 minutes at hour angles close to those of the adjacent target fields. At times instrumental or operational problems lead to the omission of one or more observations of a given target field. Such fields were scheduled for re-observation on a later date. In all, 502 target fields were observed more than once. The primary calibrator was observed at least once per day for about five minutes. Wright et al. (1997) described the analysis procedures used to produce the original source catalogue. The analysis proceeded in two stages: each 30-second scan was reduced with 1-dimensional imaging and deconvolution to a simple 3-parameter description of up to two sources; once results were available for all scans of a given field, the 2-dimensional source information for that field was derived from the individual 1-dimensional descriptions. It was recognised that this approach was less able to characterise complex fields than the conventional technique that optimally combines all data for each field to produce 2-dimensional images. The 1-dimensional approach was chosen to be economical in both computing time and data-storage, both of which were more expensive than they are today. Wright et al. reduced a small sample of ATCA fields using the conventional methods to estimate the likely increase in information obtainable from some future complete re-analysis of the dataset. The Wright et al. catalogue was not published, but has been available online since its production, and has been used in other works (for example Healey et al. (2007) ). Our work has aimed to improve on the original analysis by using a full 2-dimensional approach for all fields, and to benefit from improved knowledge of the ATCA's performance and its astrometric calibration. The remainder of this paper concerns that re-analysis.
DATA PROCESSING
We now proceed to describe a full re-analysis of the ATCA follow-up of the selected PMN sources. We processed the data in two phases: calibration and analysis. Both phases relied on the miriad software package (Sault et al. 1995) which we used through a series of scripts to ensure consistent treatment of all fields in both calibration and analysis.
Calibration
Each target field was assigned a secondary calibrator, chosen for proximity on the sky and in time of observation. A table of gain corrections for each secondary calibrator were built up as follows: bandpass and polarization corrections were copied from the results of the calibration of the instrument using the primary calibrator; the relative variations in gain were then deduced from the secondary calibrator data themselves; finally the gains were scaled so as to put the secondaries onto the flux density scale of the primary calibrator. Target field data were corrected by application of the gain table of its assigned secondary calibrator.
At this stage in the process, two other steps were necessary to account for some shortcomings in the original choice and observation of some of the chosen secondary calibrators. A significant fraction of them were scheduled for observation at the wrong position. That is, they were not observed at the phase reference centre of the array.
2 Unless corrected, this leads to a systematic shift in phase corrections applied to target field data and the position error being propagated to source positions determined in target fields. We amended the calibration routine to include the correction of this error in the secondary calibrator data using recent calibrator measurements, prior to the determination of the time-dependent gain corrections. The second extra step in processing was necessary for a small subset of sources chosen as calibrators (B0407−658, B0939−60, B1329−665 and B1756−663) that are resolved at 4.8 GHz and 8.6 GHz on baselines shorter than 6 km. Using the standard calibration for these sources would result in incorrect amplitude corrections being passed on to target field data. The amended calibration routine used for these sources solved only for the time-dependent phase, and relied on the amplitude corrections derived from primary calibration. Although the sources listed above were not suitable for calibrating these data, they remain in the ATCA calibrator catalogue and can be used effectively for more compact configurations of the ATCA.
Two calibration solutions were determined for the secondary calibrators. The first used the shortest possible integration time to avoid depression of the measured amplitude (flux-density) of the source due to atmospheric phase fluctuations. This calibration was used when doing flux-scale comparisons described later. The second used integration times to better represent phase variations experienced by the target sources, and was used for their calibration.
Phase calibration in two stages
With sufficient signal, self-calibration of ATCA data can significantly improve the calibration of gain phases. Just as corrections to the antenna gains are derived from observations of point calibration sources, observations of the target sources themselves can be used provided some knowledge of the source structure. Many of the PMN fields contain easily-modelled sources and good phase corrections can be determined from their visibility measurements. The observing pattern used for the ATPMN survey allows us to use corrections for those fields across the whole data set. Secondary calibrators were observed at intervals of about 30 minutes, bracketing a number of target fields observed at approximately the same position in the sky. We have found that fields with peak brightness exceeding about 40 mJy/beam, about half of all fields, yield reliable phase corrections from self-calibration. For gain phases, the full calibration has the following steps:
• apply phase corrections to all target fields as interpolations of corrections determined from secondary calibrator observations;
• derive phase corrections using miriad task gpscal from all fields satisfying the peak brightness criterion; if the criterion was satisfied at 4.8 GHz only, the 8.6 GHz corrections were taken from the 4.8 GHz solution;
• apply phase corrections to all target fields as interpolations of the self-calibration results.
In this way, all fields have either self-calibration, or phase corrections interpolated over much shorter intervals than is possible with secondary calibrators alone. Note that selfcalibration breaks the phase reference with the secondary calibrators and so can lead to a loss of accuracy in absolute position. Our model-fitting procedure described below includes a step to avoid such a loss.
Imaging and source fitting
We have estimated the position, angular size and flux density of all sources detected in each field, taking advantage of the simultaneous measurements in the 4.8 and 8.6 GHz bands. Our analysis recognises the possibility of a pair of close sources being incompletely resolved at the longer wavelength and appearing as one while being clearly resolved into a pair at the shorter wavelength. It also recognise the possibility of a source visible in one of the wavebands falling below the nominal detection threshold in the other. Analysis proceeded in the following steps.
(i) Image formation : Form a cleaned total intensity (Stokes I) image from the calibrated visibility data.
(ii) Source finding : Compile a list of all sources in the image with peak brightness above 5σ.
(iii) Double detection : Take special care to recognise pairs of sources close enough to appear as one to the source finding software.
(iv) Initial model fitting : Refine the parameters of all sources in each field with a least-squares fit to the visibility data.
(v) Reconciling the two-frequency measurements : Form a list of distinct sources in each field, taking account of the two sets of measured components, one for each frequency band.
(vi) Interactive component selection : Intervene in the component selection for the small fraction of fields for which the fitting procedures above fail.
(vii) Final model fitting : Refit the final list of sources to the visibility data in both wave bands and in Stokes I, Q, U and V components.
We now describe these in detail.
Image formation
For each field, we formed images at 4.8 GHz and 8.6 GHz from the calibrated, uniformly weighted visibility data. At these frequencies, the sizes of the ATCA primary beam are 10.2 arcminutes and 5.9 arcminutes, and typical synthesized beams are 2.2 × 1.6 arcseconds and 1.3 × 0.9 arcseconds (all expressed as full width at half power). We formed images of 2048 × 2048 pixels of 0.5 and 0.3 arcseconds respectively, giving image sizes of 17.1 and 10.2 arcminutes that extend to the 10 per cent point of the primary beam. In each case the whole image was deconvolved using the miriad task clean which uses a hybrid Hogböm/Clark/Steer Clean algorithm.
Source finding
We used the miriad task imsad to locate sources in the each image, specifying a detection threshold of 5σim, the rms brightness across the image . Each source is characterised by its position, flux density and the ellipse defining the half-power points of the gaussian brightness distribution. We retain only the flux density and position parameters for those sources with gaussian shape parameters that are consistent with (no smaller than) the synthesized beam.
Double detection
The procedure described above can fail to discriminate between two close sources when the region between the sources is brighter than the detection threshold. In such cases, a single gaussian fit is returned for the region encompassing both sources. To recover more information about such close pairs of sources, we took the following steps for any source whose major axis exceeds twice the size of the synthesized beam:
(i) define a rectangular region in the image large enough to include the source in question;
(ii) determine the maximum brightness Bmax in this region;
(iii) use imsad to look for sources above eight brightness thresholds logarithmically spaced between 5σim and Bmax; (iv) keep the parameters for two sources if detected, otherwise retain the original single parameter set for this region.
Initial model fitting
Using the miriad task uvfit, we refined the description of candidates sources by means of a least-squares fit to the visibility data. This step accepts up to four candidate sources, more than uvfit can process in an unconstrained fit. If necessary, a preliminary constrained fit is performed for which the estimated position is held fixed; the results are ranked by flux and the brightest three sources are used in the main, unconstrained fit. The results are held as two lists of source parameters, one for each frequency band: we call each parameter-set a "measurement". In rare cases uvfit fails to converge because of being under-constrained by the data. In such cases our procedure is to fix one coordinate (declination) of each source, beginning with the least significant, until a stable solution is found. If this strategy also fails, sources are dropped from the candidate list, weakest first, until a solution is found. In a small number of cases this results in no sources being characterised for a field.
Reconciling the two-frequency measurements
At this stage of the analysis we have two source lists for each field, one for each observing band. From these we form a single list of sources, registering two sources where ever a single source in the lower resolution image (at 4.8 GHz) overlapping a pair of sources that appear distinct at 8.6 GHz. This source list forms the input for the next phase of model fitting. After each fit we reassess the components of the refined model and remove implausible or low-significance components from the model. This stage concludes when the number of components in the model stabilises. We have developed, from experience, a set of criteria to judge whether components should be rejected. We reject any that satisfy the following relations:
(i) source flux density is below the limit A S < SA; (ii) source is overextended: significant flux on less than four baselines; (iii) source has flux density much less than the strongest source in the field: S < 0.05 × Smax;
(iv) source flux density is below the limit B S < SB and S < 0.1 × Smax;
(v) S < SB and S < Smax and the source is not detected in the other frequency band;
(vi) source lies on a radial side-lobe of the strongest source in the field and is not detected in the other frequency band;
(vii) source is detected at 8.6 GHz, but not at 4.8 GHz.
The values of SA = 7 mJy and SB = 20 used were chosen after some experimentation, as a compromise between including too many random fluctuations or artifacts of impefect calibration and rejecting real sources. Note that SA is approximately five times σim, the image rms for most fields.
Interactive component selection
The heuristic procedure described above was developed to analyse the range of fields encountered in the PMN source sample. However, it failed on a small fraction (about 0.4 per cent) of fields. These fields were analysed interactively using uvfit, giving more control over the set of candidate sources used for the fit.
Final model fitting
The analysis of each field is concluded by forming a final set of measures of each component in both frequency bands. This step included a fit constrained to determine source position only from the visibility data without the phase corrections determined by self-calibration (see §3.1.1). Estimates of Stokes quantities Q, U and V are made using uvfit, holding source position and size fixed and fitting only for flux density. Each measure includes estimates of uncertainties in all measured quantities, recorded as the formal numerical errors reported by uvfit. Each measure also includes a set of flags indicating certain conditions that may influence the reliability of the measurement, conditions that in some cases are reflected in the uncertainty estimates.
Data quality and reliability of the results
For each quantity characterising sources in this catalogue we have estimated a likely measurement error, and for each source we have assigned a set of quality flags that reflect cases with large measurement errors, or indicate the possibility of some systematic error unaccounted for by the quoted errors. In this section we describe the main sources of error in the final results; we present a characterisation of overall data quality; and for some sources we compare the new results with other measurements of the same object.
In this work source properties are determined from just three brief observations giving a sparse sampling of the uvplane. A small amount of bad or missing data can severely degrade the quality of the results. The main threats to quality in these data and the reliability of our results were atmosphere-induced phase fluctuations, instrumental failures, and complexity of the observed fields. For some fields, insufficient good data were recorded to properly form any results. Of the 8,385 fields observed, 166 could not be processed for lack of data.
Atmospheric effects
The observing program included frequent short observations of known point sources -the secondary calibrators. Measurements of these allow the correction of fluctuations in both amplitude and phase, provided the fluctuations are not too big, and slow relative to the 30-minute calibrator interval. Amplitude variations for the ATCA are typically small and occur over times longer than the calibration cycle. Phase variations are induced by the inhomogeneous atmosphere; the size of phase variations can differ markedly from day to day. For these observations, three 30-second integrations separated by about four hours, the phase variations have two distinct effects. Phase variation during the brief integration of each scan causes decorrelation and a reduction of the observed visibility amplitude. Phase variations on the longer time scale also cause decorrelation and in severe cases, can degrade the image to the point that false sources may Antenna phase (deg) Figure 2 . The top panel shows the variation of σ φ during the calibrator observations at epoch 2. In the lower panel is shown the phase corrections for antenna 1, X-polarization determined from the self-calibration of target fields. Note the strong diurnal variation in both plots. Local noon is at 02 h UT; the atmosphere at Narrabri is often at its most turbulent in the afternoon.
be identified. The second stage of phase calibration, using self-calibration of suitable target fields, is necessary to successfully track phase variations from scan to scan, and in most cases is successful. Secondary calibrators were observed for two minutes, and we characterise the phase fluctuations by calculating the standard deviation σ φ of all measured phases during that interval. Fig. 2 shows the variation of σ φ during the epoch 2 observations. This pattern is also visible in the second-stage calibration results; the same figure shows phase corrections for antenna 1.
Field complexity
These observations were designed with the assumption that most fields can be adequately described with very sparse measurement on the uv-plane. The assumption is that most fields are empty apart from a small number of simply shaped sources. At the wavelengths observed, the strongest source expected in an area of sky equal to the ATCA primary beam is 2.3 mJy (Bridle 1989) , much less than the lower flux density limit of the PMN field selection. However, a fraction of fields do not satisfy the assumption, and the ability to characterise the field suffers accordingly. Two outstanding examples of such fields are PMN J1325−4257 (Centaurus A) and PMN J0519−4546 (Pictor A), two large, strong, and complex radio galaxies.
A quantitative measure of data quality
In section 3.2.4 above we describe the process of determining source characteristics from the data. A product of this is a set of residual visibilities -the original calibrated data less the contribution of the fitted components. In the ideal case, these residual data would be the featureless noise that would correspond to an observation of an empty field; the amplitude of the noise would reflect the system noise with con- tributions from the receiver, losses in the telescope, ground radiation and diffuse sky emission. In practice, the residuals are noisier and may have the signature of unfitted sources (perhaps out of the field). Sources of additional noise are phase errors (instrumental or atmospheric), confusion and contributions from sources whose brightness distribution is not well modelled as gaussian. The noise increment in the residuals will increase with increasing source flux. Fig. 3 shows the rms of the residual noise σr and its dependence on the maximum brightness Bmax in the image of each field. Note the sharp lower cutoff corresponding to the system noise. We indicate on that figure a threshold value for σr above which entries in the final catalogue are flagged for lower reliability.
Positional accuracy
The positions of sources detected in each target field are determined with reference to the position of the secondary calibrator. Thus there are two sources of error in the positions we determine for each source: the uncertainty in the position adopted for the secondary calibrator, and the uncertainty in determination of the relative positions of target and calibrator. The sources in the ATCA calibrator catalogue are categorised according to position uncertainty indicated in Table 3 . The present observations used 114 different secondary calibrator sources, 88 from class A, 3 from class B and 23 from class C.
The target fields included a number of sources that appear in catalogues of astrometric radio sources whose posi- values reported by uvfit the comparison with the astrometric references. The median uncertainty is about 0.
′′ 4 in both coordinates.
Flux density scale
All source flux densities are estimated relative to the flux density of the primary calibrator B1934−638. We used the values of Reynolds (1994) : S4.8 = 5.829 Jy and S8.6 = 2.842 Jy. The flux density scale was transferred from the primary to secondary calibrator, and then from secondary to the target sources; each step can introduce errors in the final flux density estimate. Because the secondary calibrators are strong point sources, they can be calibrated in a way that is relatively unaffected by phase fluctuations induced in the atmosphere (but see comments regarding this in §3.1). The secondary calibrators were drawn from the ATCA calibrator catalogue (ATCAT); many are known to be variable so a comparison of individual flux density measurements with ATCAT is not a valid check of our data quality. Fig. 5 shows that over the whole set of calibrators, our flux density measurements, at both observing frequencies, are consistent with ATCAT.
Comparison of spectral index 3 (α) provides a check on the relative consistency of the 4.8 GHz and 8.6 GHz calibration. Fig. 6 shows the results of that comparison: ATPMN spectral indices agree well with values from ATCAT where the spectral index is steep α −0.6. The scatter for flatspectrum sources is caused by variability, as discussed in §5.3.
Another measure of the internal consistency of the ATPMN flux densities comes from the fields with repeated observations. 432 fields were observed at two or more epochs; 58 of these were secondary calibrators. Many were reobserved because a break in the observing schedule caused one or more of their three cuts to be missed. In total 378
3 We define the spectral index α through the expression for flux density as a function of frequency: fields have data from more than one epoch. We selected from these 158 sources that are the brightest in their field, are compact (size < 1 ′′ ) and are detected at both observing bands. Analysis of these data show a high degree of consistency in flux density scale over the five observing sessions. Fig. 7 shows the individual flux density measurements against the mean flux density of each of these sources. In the plot we distinguish between sources with steep spectra and and those with flat spectra. The data are consistent with source variability of up to a factor of two (more pronounced amongst flat-spectrum sources), a random measurement error of a few milli-Janskys, and small systematic changes in the epoch-to-epoch flux density scale. Assuming the flux density of steep spectrum sources to be constant, we approximate the error in flux density measurement as σS = ∆S + ǫS, where (∆S, ǫ) are (6.6 mJy, 1.6%) and (10 mJy, 4.5%) at 4.8 GHz and 8.6 GHz respectively.
Amongst the target fields with multiple observations was the source PMN J1939−6342 (B1934−638), the source used for primary flux density calibration of the ATPMN data. Data from the epoch 1 and 2 observations of J1939−6342 were processed in the same way as all other targets, with the flux density scale being transferred from B1934−638 to secondary calibrators (epoch 1: J1549−790, J2146−783, J1624−61; epoch 2: J2030−689), and then on to the target data. The results for J1939−6342 (Table 4 are consistent with the the results given above for multi-epoch fields.
We make two further comparisons of the flux densities measured for the ATPMN sources, first at 4.8 GHz with the PMN catalogue, and then at 8.6 GHz with VLA measurements reported in the CRATES catalogue (Healey et al. 2007 ). Fig. 8 shows the ratios of ATPMN and PMN flux densities for the sample of fields containing only one unresolved ATPMN source. There is a wide scatter, presumably because of source variability and the insensitivity of the ATCA to extended emission. In spite of the scatter a flux density scale difference is evident, Parkes flux densities being consistently greater than those measured with the ATCA. The PMN flux density scale was determined from a comparison of a set of sources listed by Kuehr et al. (1981) 1981, thereby tying it to the flux density scale of Baars et al. (1977) 1977. This discrepancy is consistent with an additive error to PMN source flux-densities of between 5 mJy and 10 mJy and a flux scale difference between the Parkes and the ATCA measurements of approximately 6 per cent.
The CRATES catalogue is an amalgamation of radio source information form a number of single-dish and interferometer surveys. We have looked at sources in the declination band common to the ATPMN survey and VLA visibility −41
• < δ < −38
• . In that region there are 79 sources with flux density measured at both the VLA (8.4GHz) and the ATCA (8.6 GHz). Fig. 9 shows the comparison. The fluxweighted mean and median of the ratios of ATCA to VLA flux density are 1.02 and 1.01 respectively.
Polarimetry
All observations were made using the full polarimetric capabilities of the ATCA. A complete analysis of the polarimetric properties of the ATPMN sources will be the subject of further work, and the results made available in a future version of the catalogue. 
Resolution and angular size discrimination
The typical synthesised beam sizes for these data are 2.2 × 1.6 arcseconds and 1.3 × 0.9 arcseconds at the two observing frequencies. However, it is possible to measure sizes of sources with smaller angular diameters than the synthesized beam. The visibility function of small but non-zero diameter sources differs measurably from that of a true point (unresolved) source. The size of the smallest, noticeably resolved source depends on the strength of the source and the distribution of baseline-lengths used in the measurement. Our criterion for whether or not a source is resolved is illustrated in Fig. 10 . The expected visibility amplitude on a baseline of length D for a gaussian source of diameter W is reduced from its zero-baseline value by ∆a:
We do not claim a source to be resolved unless ∆a > σvis √ Nvis, where σvis is the uncertainty in each visibility measurement and Nvis is the number of visibility measurements for the source. For most fields, σvis ∼ 30mJy and Nvis = 45.
The angular size distribution of sources in our sample is strongly influenced by the instrumental characteristics of the ATCA. At 4.8 GHz the synthesized beam is typically 2.
′′ 0 × 1. ′′ 5. Sources with angular size smaller than some fluxdependent fraction of the synthesized beam cannot be distinguished from points, as discussed above.
On the other hand, sources with large angular sizes have measureable visibility amplitudes on none, or only the shortest of the ATCA baselines. All fields observed correspond to PMN sources for which the Parkes telescope measured at least 50mJy of flux density; non-detection with the all ATCA baselines means the source size is comparable or larger than the Array's largest fringe ∆θmax. At 4.8 GHz, ∆θmax ≃ 0.
′ 6, 1.
′ 3 and 2. ′ 2 for the 6D, 6C and 6A configurations used for these observations (see Table 2 ). If flux is detected on the shortest baseline, it can be used with the PMN flux density measurement to estimate the angular size of the source. About 60 per cent of fields with no imaged source do have significant flux on the shortest baseline; Fig. 11 shows the visibility amplitudes for such a field. Fig. 12 shows the angular size distribution of these sources of intermediate extent, and of the successfully modelled resolved and unresolved sources. 
THE DATA CATALOGUE
We present the main result of our work as a catalogue of sources. All identified components are listed separately; there has been no attempt to associate components to physical objects, although each record includes the name of the PMN source observed. In many cases, multiple sources observed in a single PMN field are components of a single object; in some cases they result from chance alignment.
In the formation of the final source list, we have excluded some sources resulting from the data analysis. We have omitted all sources with peak brightness at 4.8 GHz of less than 6 mJy/beam (close to five times the image rms for most fields. We have also excluded all sources further than 5 arcminutes from the field centre, at which point the sensitivity of the 8.6 GHz primary beam of the ATCA is one tenth of its peak.
The ATPMN catalogue gives the position, flux densities at 4.8 GHz and 8.6 GHz, source size parameters, spectral index and the epoch of observations for each source. In all cases, source parameters are derived from the modelfitting to the visibility data as described in §3.2, not from an analysis of the radio images. Table 5 shows a sample of 30 catalogue entries ; the full catalogue is available on line on Vizier.
The columns are:
(1) ATPMN source name (2) PMN source name of parent field (3-4) Right Ascension and Declination (J2000). The accuracy is indicated by the number of digits given: in each case the error is less than 10 in the final digit.
(5-6) Flux density at 4.8 GHz (mJy), and its uncertainty.
(7-8) Flux density at 8.6 GHz (mJy), and its uncertainty. Table 2 ). (18,19) Quality flags as described in §4.1.
The spectral index and its uncertainty are calculated as:
where the subscripts denote the observing bands at 6 cm (4.8 GHz) and 3 cm (8.6 GHz), S is the measured flux density, and f6 = 4.8 GHz, f3 = 8.6 GHz.
Data quality flags
The reliability of tabulated source parameters is affected by many factors as discussed in §3.3. We flag catalogue entries with less reliability according to just two criteria: modelfitting residual and the number of visibility points used in the fit. To each criterion corresponds a flag digit that is normally '0'. Fig. 3 shows the fit residuals for each field and how they depend on the peak brightness. All sources from fields with points above the threshold indicated in the figure are flagged with figure '1' in the first flag. Normally, fields were observed with three scans at different hour angles to give 45 visibility measurements. A few fields (166) has less than 20 visibility measurements; these were not included in the processing. Fields with 30 or fewer points have measurements at only two hour angles; the catalogue entries corresponding to these are flagged with the figure '1' in the second flag.
SOURCE POPULATION
It has been customary to use radio sky surveys to compute differential source counts, the number of sources visible within a flux density range per unit of sky area. Historically, the analysis of the differential source count over a range of radio frequencies and flux densities has been used to rule out several possible models for the shape of the universe and has led to the belief that there has been a marked change in the population of objects responsible for the visible radio emission. In general the uncertainties in differential source counts do not adhere to the values expected from pure statistical considerations. Rather they are dominated by the dependence of source counts on calibration, and beam and resolution corrections (ultimately the angular spectrum of brightness sensitivity) (De Zotti et al. 2010) . The comparison of the ATPMN and PMN catalogues provides a demonstration of this difficulty, and such a comparison may contribute to its resolution for the case of 4.8 GHz source counts. We begin our overview ( §5.1) of the source population by summarising their basic parameters and make a simple numerical comparison: how many ATPMN sources correspond to each PMN source. In §5.2 we look at the degree of overlap between ATPMN sources and those in other source catalogues. In §5.3 we examine the variability of source flux density and spectral index.
Field morphology
From the ATCA observations of 8,385 PMN source positions we have detected 9,040 individual components. Their distribution on the southern sky is shown in Fig. 13 . We have characterised each field using a simple classification scheme defined in Table 6 which also reports the numbers of fields in each morphology classes M0−M6. Fields of class M0 themselves fall into two categories: those with some detectable flux density on the shortest ATCA baselines, and those without as discussed in §3.3.7. Fig. 13 shows the distribution of fields with no detectable flux on the ATCA, lying primarily along the Galactic Plane, in the Magellanic Clouds and close to the near-by radio-galaxy Centaurus-A (NGC 5128). The processing of the original PMN survey involved highpass filtering of the scan data to better identify compact sources (Condon et al. 1993) . Evidently, this filtering was less effective in regions of strong extended emission and has resulted in some entries in the PMN catalogue corresponding to data processing artefacts. Of the 589 fields with no detectable flux, 407 (69 per cent) lie within 5 degrees of the Galactic Plane. below the equality line. The excess of points close to the ATCA noise level (∼30 mJy) results from the PMN sources with no detectable ATCA flux and are likely to be the data processing artefacts in the PMN catalogue mentioned above.
In Fig. 15 we display images from an example of each morphology type (M1 -M6) ; the parameters of each source appear in Table 7 . To summarise the characteristics of the Figure 16 . Spectral index distributions for single-source fields (top) and sources in double-source fields (bottom). Top: morphology types 1 (point sources -solid) and 2 (resolved sourcesdashed). Bottom: morphology types 3 (two point sources -solid), 4 (one point, one resolved source -dashed) and 5 (two resolved sources -dash-dotted). The distributions were constructed as the sum of gaussian functions for each source; each is centred on the spectral index for its source and has half-width equal to the 1-σ uncertainty, and has unit area.
different morphologies, we show their distributions of angular size, spectral index, and for the double sources, angular separation. In Fig. 16 we show the distribution of spectral indices for sources in fields of the various morphologies. These distribution plots have been formed from sources for which the uncertainty in spectral index was ǫα < 0.5. As expected, there is a marked tendency for the unresolved sources (morphology types 1 and 3) to be rich in flat spectra (α > −0.5), and for the extended sources to have steep spectra.
Comparison with other catalogues
Before looking at other surveys, we make some comparisons between the ATPMN catalogue and the unpublished PMN-ATCA catalogue prepared by N. Tasker Dec offset (arcsec) Figure 15 . Example fields chosen from each morphology type M1 -M6; source properties for each field are given in Table 7 . Each image is a 30 arcsecond square and centred on the mean source position for the field (not the PMN source position); contours of the 4.8 GHz ATCA image are overlaid on the corresponding image from the UK Schmidt Blue (IIIaJ) survey, downloaded from the SuperCOSMOS Sky Surveys archive. The ATCA synthesized beam at 4.8 GHz is indicated at lower left in each image.
logue comprises 7178 sources, compared with the 9,040 in ATPMN. Of those sources, 6183 lie within 80 arcseconds of an ATPMN position; the difference, 970 sources do not appear to have an ATPMN counterpart within that radius. Of those 6183 pairs, 316 are separated by more than 3 arcseconds, and 189 by more than 10 arcseconds. This is expected, given the calibrator position errors we found in the data ( §3.1). The mean position difference between sources in the two catalogues is 0.
′′ 27 in Right Ascension, and 0. ′′ 10 in Declination. In a flux density comparison we found a flux density scale difference of about 10 percent, the PMN-ATCA flux densities being greater than ATPMN flux densities. The flux scale difference is consistent with the different values used for the flux density of PKS B1934-638 in the two analyses: S4.8 = 6.33 Jy by Wright et al. for PMN-ATCA and S4.8 = 5.83 Jy in this work. We also found a large scatter in flux densities, particularly for sources weaker than about 200 mJy.
We have searched several other source catalogues for matches to ATPMN sources. Here we summarise these comparisons for the Sydney University Molonglo Sky Survey (SUMSS, Mauch et al. 2003 ) and the 2nd epoch Molonglo Galactic Plane Survey (MGPS-2, Murphy et al. 2007 ), the Australia Telescope 20GHz survey (AT20G, Murphy et al. 2010 ) and the Second Fermi Large Area Telescope catalogue of Gamma-ray sources (2FGL, Fermi-LAT Collaboration 2011). Future work will include searches for ATPMN counterparts in optical images.
SUMSS and MGPS-2
The SUMSS and MGPS-2 catalogues were derived from surveys using the Molonglo Radio Telescope (MOST) at 843 MHz. They cover complementary parts of the sky, although the MGPS-2 catalogues only sources that are unresolved by the MOST; together they include all the sky observed for ATPMN. The resolution of MOST is 45 arcseconds, and the uncertainty in position determinations in SUMSS for bright point sources is ∼2 arcsec (Mauch et al. 2003) . arcseconds. Of the 9,040 sources listed in ATPMN, 6876 have SUMSS counterparts and 1693 correspond to MGPS-2 sources. This leaves 472 ATPMN sources not found within the 30 arcsecond radius in either SUMSS or MGPS-2. Further investigation shows that the number of plausible associations increases as the radius is increased until chance associations begin to dominate above a radius of 50 arcseconds. After the radius increase, about 250 ATPMN sources remain unassociated. Inspection of the associations with large apparent position differences shows that many arise from the ATPMN lying at the core of a radio galaxy and the SUMSS sources, typically a pair, being the extended radio lobes. Fig.  17 shows an example of such a system.
AT20G
The AT20G catalogue is a list of sources selected from observations at 20 GHz; it is 91 per cent complete for sources above 100 mJy at 20 GHz. Over the part of the sky common to ATPMN, there are 2365 AT20G sources. 2093 of these lie within 5 ′′ of an ATPMN source. Fig. 18 shows the flux densities and spectral indices of ATPMN sources that are not listed in AT20G. The inferred 20 GHz flux density is indicated on the plot; the upper boundary of the points corresponds to the flux density limit of the AT20G survey.
A fraction (422 out of 2365 -17%) of AT20G sources in the ATPMN sky have no ATPMN counterpart within 5 ′′ . A little more than half of these have no 5 GHz flux density in the AT20G follow-up or have a 5GHz flux density of less than 70 mJy, the ATPMN selection threshold. The balance are either resolved as double by ATPMN, with each component falling outside the 5 ′′ radius, or lie in a PMN field but are not detected for some reason: very strong source in field, or extended source dominating so that our source-finding algorithm misses weak point sources in the field. Because of the different resolution of the two surveys, the effects of source extent and source variability with time can become confused. However, for cases in which the ATPMN flux density is greater than the AT20G measurement for the same source, variability is the most likely cause. Approximately 20 per cent of flat-spectrum sources measured in both surveys have ATPMN 8.64 GHz flux density more than 1.5 times the corresponding AT20G value. Assuming symmetry, 40 percent of flat-spectrum sources changed in 8.6 GHz flux by more than a factor of 1.5 over the 11-year interval between measurements.
In Fig. 19 we compare the ATPMN and AT20G flux densities measured at 4.8 GHz. Two spectral classes are plotted: 1252 flat spectrum sources and 713 sources with steep spectra are shown. The ruled lines show flux density equality (solid) and factors of two different (dashed). It is clear that the relation is tighter for steep spectrum sources. Deviations from equality can be explained by measurement error, different spatial-frequency sampling (AT20G was more sensitive to extended emission), or source variability which is most marked for flat spectrum sources.
Fermi LAT
The Second Fermi-LAT catalogue (2FGL) lists 1873 γ-ray sources identified from the initial 24 months of operation of the Large Area Telescope (LAT) on the Fermi Gammaray Space Telescope Fermi-LAT Collaboration (2011). The 2FGL lists 330 sources in the ATPMN sky. Amongst these we have sought those for which an ATPMN source lies within The scatter amongst the flat-spectrum sources is partly attributed to variability; epochs of the two observations differed by 11 years. Many of the steep-spectrum sources appear weaker in the ATPMN catalogue; we attribute this to the different spatialfrequency sensitivity of the two surveys: ATPMN used 6 km arrays whereas AT20G used the sorter 375 m arrays and was sensitive to more extended flux.
1.4R95 (where R95 is the 95 per cent error radius). Because of the relatively large 2FGL error radius (typically ∼ 10 minutes of arc), we expect a significant number of position matches between 2FGL and ATPMN sources that do not arise from physical association. To gauge this coincidence rate, we have counted apparent associations for a series of trials in which the position (α, δ) of each ATPMN source is shifted to (α + ∆α0/ cos δ, δ) for a range of ∆α values. The top left panel of Fig. 20 shows the number of 2FGL positions lying within 1.4R95 of at least one ATPMN source, as a function of ∆α. Referring to the two sets of ATPMN-2FGL matches as F0, the real matches at ∆α = 0 and F∆αthe test matches with ∆α = 0, F0 has 154 elements and F∆αhas 27 ± 5 (normalised by the number of position shifts); this indicates a likely 127 ± 5 real radio − γ-ray source associations. The set F0 holds radio-γ-ray associations and accidental alignments in the approximate ratio 127:28. To form a list of the most likely associations we note that the radio sources in F0 and F∆αare differently distributed in both flux density and spectral index. We estimate the probability density functions (PDF) of the source coordinates in S4,8, α 8.6 4.8 space; we denote these distributions as P0 and P∆α for the sets F0 and F∆αrespectively. We then estimate the PDF of the radio sources in physical association with a γ-ray source as
where a + b = 1 and a/b = n0/n∆α. For each candidate we can then compute the likelihood of it belonging to the distribution Pp. Independently, the probability of a chance alignment can be estimated from the pair separation relative to R95, the 95 per cent confidence radius quoted for each 2FGL source. We use the combination of these two probabilities to rank the candidates. This procedure is analogous to that used by Abdo et al. (2010) in the association between the First Fermi-LAT catalogue (1FGL) and the CRATES radio catalogue. After ranking the list, we regard the top 127 as likely associations. See appendix A for a list of ATPMN-2FGL associations. In the publication of the 2FGL (Fermi-LAT Collaboration 2011), likely associations with many of the 2FGL sources are listed. All but one of the likely 127 has an association suggested in the 2FGL. The unassociated source is 2FGL J1353.5-6640 which lies 1.2 arcmin from ATPMN J135340.1-663957 which has a 4.8 GHz flux density of 43 mJy and a spectral index of −0.8 ± 0.7. Table 8 summarises the ATPMN-2FGL associations.
ATPMN J135340.1-663957, the new association with 2FGL J1353.5-6640, corresponds to a source studied by Tsarevsky et al. (2005) , VASC J1353-66, in a search for very active stars in the Galaxy. Tsarevsky et al. studied objects in the plane of Galactic that have both a hard X-ray and radio emission. The radio counterparts were observed with the VLA or the ATCA to determine accurate positions and allow optical identification ans spectral measurement. VASC J1353−66 was identified with a R magnitude 17.1 object with a featureless spectrum, suggesting that it is a BL Lac type object. The ATCA measurements of the object (more sensitive than the ATPMN observations) gave flux densities at 4.8 and 8.6 GHz of 48.2 ± 0.1 mJy and 41.7 ± 0.1 mJy respectively, compared with the ATPMN determinations of 43 ± 6 and 28 ± 10 mJy.
Variability
In section §3.3.5 we noted, in the comparison of ATPMN calibrator observations with the data in the ATCA calibrator catalogue, that sources with α 8.6 4.8 −0.6 have variable spectral indices. Also in that section we distinguish between steep and flat-spectrum sources in the analysis of multiple observations of the same field during the ATPMN survey: steep-spectrum sources have more consistent flux density. The same effect is evident in a comparison of ATPMN and AT20G source spectral indices. These two surveys measured source flux densities at widely spaced epochs and, as shown in Fig. 21 , the spectral index of those sources with steep spectra (α −0.6) tends to be less variable. These observations are consistent with the picture of radio sources in which those with flat spectra are identified with the bright compact cores of AGNs, and those with steep spectra with older populations of synchrotron-emitting particles, further from AGN cores, in radio lobes or elsewhere, and with larger angular size.
Future analysis
There are (at least) three aspects of the data yet to be analysed that will be the subject of future work. The ATCA observations measured all components of the radiation, allowing a full polarimetric characterisation of each source. Many of the fields bear evidence of extended emission that has not been characterised. In the present analysis, preference has been given to characterising the more compact sources. Different techniques will be needed to quantify the extended emission, particularly when it appears in fields that also contain compact sources. Finally, visual examination of the visibility data suggests a class of field that contain two closely separated sources, but the automatic procedure used here interprets it a single resolved sources. Again, some different techniques will be developed to adequately characterise such fields. showing a tendency for greater variability when α −0.6. The effect is less marked than that shown in Fig. 6 : scatter is introduced from both the larger proportion of weaker sources and the different spatial frequency response of the two sets of observations.
CONCLUSIONS
We present a new catalogue of 9,040 radio sources in the southern sky, with flux density, position and angular size measurements at 4.8 and 8.64 GHz. The relatively high resolution of the observations allows position accuracy of typically 0.
′′ 4, as determined by comparison with the International Celestial Reference Frame. This will allow improved cross-identification with observations in other wave bands, particularly with optical images. The new catalogue increases our knowledge of the brighter PMN sources, allowing the classification of sources according to spectral index and structure. The catalogue includes more than 2000 flatspectrum (α 8.6 4.8 > −0.5) sources with 4.8 GHz flux density greater than 25mJy. It includes 2096 sources that lie with 5 ′′ of a source in the AT20G catalogue, and approximately 127 counterparts to γ-ray sources in the Fermi 2FGL catalogue. We have made a new radio − γ-ray association between ATPMN J135340.1-663957 and 2FGL J1353.5-6640, a source previously studied by Tsarevsky et al. (2005) as VASC J1353-66, and tentatively identified them as a BL Lac type object. Future work will process and publish the polarization properties of the ATPMN sources, and investigate several interesting classes of source. Sources that are the barelyresolved or closely-paired flat-spectrum sources that will be examined for evidence of gravitational lensing. Sources that show signs of variability during the ∼ 8 hours that spanned the observation of each field will be studied as potential intra-day scintillators. In §5.2.3 we described the matching procedure followed to associate ATPMN sources with sources in the 2FGL. We estimated there to be Nγ ± σN = 127 ± 5 real associations out of the 154 2FGL sources with at least one matching ATPMN source to within 1.4 × R95. In many cases several ATPMN sources lie inside the matching radius so that there is a total of 186 ATPMN sources with a position match to a 2FGL source. We list the possible ATPMN associations in three tables: Table A1 gives the most likely Nγ − σN = 122 associations; Table A2 lists 2σN = 10 associations of intermediate likelihood; Table A3 lists the source pairs close on the sky, but unlikely to be real associations. In cases of more than one ATPMN source appearing close to a 2FGL source, we have removed the less likely associations from the lists in Tables A1 and A2 , and listed the alternative ATPMN associations in Table A4 . Table A1 . High probability associations between sources in the 2FGL and ATPMN. The associations lised as "original" are from the paper announcing the 2FGL results (Fermi-LAT Collaboration 2011). Table A1 -continued High probability associations between sources in the 2FGL and ATPMN. 
